The tip-clearance flow in axial turbomachines is studied using large-eddy simulation with particular emphasis on understanding the unsteady characteristics of the tip-leakage vortical structures and the underlying mechanisms for cavitation-inducing low-pressure fluctuations. Systematic and detailed analysis of the velocity and pressure fields has been made in a linear cascade with a moving end-wall. The generation and evolution of the tip-leakage vortical structures have been investigated throughout the cascade using mean streamlines and λ 2 contours. An analysis of the energy spectra and space-time correlations of the velocity fluctuations suggests that the tip-leakage vortex is subject to a pitchwise low frequency wandering motion. Detailed statistics of the pressure fields has been analyzed to draw inferences on cavitation. The regions of low pressure relative to the mean values coincide with regions of strong pressure fluctuations, and the regions are found to be highly correlated with the vortical structures in the tip-leakage flow, particularly in the tip-leakage and tip-separation vortices.
NOMENCLATURE

C
Chord length The radial clearance between a rotor-blade tip and casing wall in a turbomachine is indispensable for its operation.
However, its existence has been a major source of unfavorable flow phenomena. Complicated vortical structures are generated by the tip-clearance flow and its interactions with the end-wall boundary layer, the blade wake, and the neighboring blade. The tip-clearance vortical structures often induce rotating instabilities and blockage in the flow passage which result in severe performance loss and subsequent stall of axial compressors [1, 2] . Also, in a transonic compressor, the interaction between passage shock and tip-clearance flow is implicated in the degradation of efficiency as well as vibrations and noise generation [3] . These issues have motivated a number of experimental and computational investigations of the compressor tip-clearance flow, and some basic understanding has been achieved (e.g. [4] [5] [6] [7] [8] [9] [10] [11] ).
On the other hand, in hydraulic turbomachines such as submarine propulsors and liquid pumps, the existence of tip clearance is considered to be a cause for cavitation, which can result in loud acoustic noise, performance deterioration, and the erosion of blades and casing wall (e.g. [8, 9, [12] [13] [14] ). In order to understand the mechanisms for cavitation, it is necessary to study the detailed vortex dynamics in the rotor-blade wake and tip-clearance region and the associated low-pressure events.
In the 1950's, Rains [12] investigated cavitation phenomenon in an axial flow pump and observed that the tip-leakage vortex forms from the leading edge of the blade, and convects downstream across the passage for a range of tip gaps of 0.2% ∼ 5.2% chord. Later, in an axial pump, Zierke et al. [13] showed the existence of a trailing-edge tip-separation vortex that migrates radially upward along the trailing edge. This trailing-edge tip-separation vortex then moves along the circumferential direction near the casing and in the opposite direction of blade rotation. They also established the trajectory of the tip-leakage vortex core with the observation of the unsteadiness of the vortex, subject to wandering and kinking motions in the passage and downstream. Similar unsteadiness is also discussed in the work of Goto [9] . Pressure fluctuation and turbulence measurements made adjacent to the casing wall show the track of developing tip-leakage vortex as a strip of high turbulence levels which grows across the passage [8] . The pressure frequency spectra of Goto [9] showed a general rise in high-frequency spectral levels in the vicinity of the casing, suggesting the presence of small scale turbulence in the region containing the tip-leakage vortex. Although these and other earlier investigations have revealed gross features of the tip-leakage vortical structures and related flow phenomena, the detailed dynamics of the vortical structures such as the tipleakage vortex and tip-separation and induced vortices, and influence of the end-wall vortical structures on the low pressure, pressure fluctuations, and cavitation are poorly understood.
In recent years, a series of experiments has been performed at Virginia Tech. to make detailed measurements of the flow field in a low speed linear compressor cascade with stationary and moving end-walls [15] [16] [17] [18] [19] [20] . Mean velocity, vorticity, turbulent kinetic energy, and frequency energy spectra were measured downstream of the rotor blades. Wang and Devenport [16] employed a moving end-wall and found noticeable difference in the mean velocity and Reynolds stress distributions from the experiments which utilized a stationary end-wall [15] . Kuhl [18] and Ma [20] examined the effects of upstream vortex pairs on the downstream tip-leakage vortex. Employing a stationary end-wall, Wenger et al. [17] performed two-point measurements of the turbulent fluctuations in the downstream tip-leakage flow, and showed conclusively that the tip-leakage vortex is not subject to low-frequency pitchwise "wandering" motions. On the other hand, an experiment employing a moving end-wall showed a noticeable low-frequency spectral peak in the pitchwise velocity energy spectra [16] . However, no further investigation regarding the origin and mechanism of this low-frequency peak were made.
These experiments [15, 16, 18, 20] have provided useful information regarding the flow as well as valuable data for validating computational techniques. However, since the measurements were limited to the flow field at least one and a half chord lengths downstream from the trailing edge, they could not shed light on the upstream flow features which are critically important. In addition, these experiments could not provide information regarding the mean pressure and pressure fluctuations in the cascade passage region. Ma [20] performed pressure measurements in the far downstream planes using microphones but indicated that the measured mean pressure and pressure fluctuations could be affected by the noise in the cascade tunnel, probe interference, and wind induced noise inside the microphone.
Experimental measurements of the tip-leakage flow in the vicinity of the tip gap very close to the end-wall are generally difficult due to technical and safety issues. In addition, the strong unsteadiness of the tip-leakage flow limits the applicability of conventional Reynolds-averaged Navier-Stokes (RANS) approaches in a computational study. These difficulties have been major obstacles to a detailed understanding of the tip-leakage flow physics leading to cavitation. Although, the gross feature of the tip-leakage vortex has been known for some time, a deeper quantitative understanding of the dynamics of the tip-leakage vortical structures and their interaction with the end-wall boundary layer is needed to elucidate the tip-leakage cavitation mechanisms.
In this study, the tip-leakage flow, particularly in regions not studied experimentally, is investigated using data generated by large-eddy simulation (LES). The objective is to gain an improved understanding of the unsteady characteristics of the vortical structures present in the typical tip-clearance configuration, and the cavitation-inducing low-pressure fluctuations associated with the tip-leakage vortical structures. In order to gain such an understanding, it is necessary to study the detailed turbulence dynamics in the rotor-blade wake and the tip-clearance region and to examine the space-time correlations of the coherent turbulence structures present in the end-wall tip-leakage flow. A detailed investigation regarding mean pressure and pressure fluctuations is also carried out to understand tip-leakage cavitation in hydraulic turbomachines.
The computational methodology is described in section 2. Details of the vortex dynamics, velocity and pressure fluctuations, and cavitation inception are discussed in section 3, followed by conclusions in section 4.
COMPUTATIONAL METHODOLOGY
Numerical Method
The numerical algorithm and solution method are described in detail in Ref. [21] . Here, we summarize the main features of the methodology. The three-dimensional, unsteady, incompressible Navier-Stokes equations are solved in a generalized coordinate system on a structured grid in conjunction with a Smagorinsky type dynamic subgrid-scale (SGS) model. Given the fully inhomogeneous nature of the flow, a Lagrangian dynamic SGS model, which averages the model coefficient along the flow pathlines [22] , is employed.
The integration method used to solve the governing equations is based on a fully-implicit fractional-step method which avoids the severe time-step restriction in the tip-clearance region. All terms including cross-derivative diffusion terms are advanced in time using the Crank-Nicolson method and are discretized in space by energy-conserving second-order centraldifferencing. A Newton iterative method is used to solve the discretized nonlinear equations. For the pressure Poisson equation, an efficient multigrid procedure, which is a combination of the line and red-black Gauss-Seidel multigrid method is used. This method is particularly appropriate for parallelization. The simulation code is parallelized using OpenMP.
Computational Setup
The flow configuration, coordinate definition, and measurement planes for investigating the flow field are schematically shown in Fig. 1 . The present study is focused on a linear cascade with a moving end-wall at the bottom of the tip gap that matches the experimental setup of Wang and Devenport [16] . A single blade passage is considered, with periodic boundary conditions in the y-direction to mimic the flow in the interior of a cascade. The computational domain is of The inflow turbulent boundary-layer data is provided using the method of Lund et al. [23] , modified to account for the fact that the mean flow direction is not perpendicular to the inflow/outflow plane. No-slip boundary conditions are applied along the rotor blade and moving end-wall, and the convective boundary condition is applied at the exit boundary.
The difficulty with grid topology in the tip-clearance region is overcome by an approach which combines an immersed boundary technique [24] with a structured grid in a generalized coordinate system. The advantage of using a curvilinear mesh with an immersed-boundary method is that we can generate grid lines almost parallel to the blade surface. This ensures an adequate resolution on the boundary layers, and allows periodic boundary conditions to be applied on the curved upper and lower boundaries. The immersed boundary method when used with the curvilinear mesh, obviates a complex mesh topology and allows us to use a simple single-block mesh [21] . In addition to this, the high stagger angle in the experimental setup necessitates the use of very skewed mesh, which requires fine control of mesh parameters such as the stretching ratio and the aspect ratio, and an adequate formulation of nonlinear convection terms to avoid numerical instability (see Refs. [25, 26] for more details).
RESULTS AND DISCUSSION
Effects of Resolution and SGS model
In general, the grid resolution on the blade surface is reasonable compared to previous LES studies of wall bounded turbulent flows using similar numerical methods [27] . The grid spacings based on the chord in the streamwise, pitchwise, and spanwise directions are 9.9 × 10 −4 ≤ ∆x/C ≤ 1.4 × 10 −2 , 9.8 × 10 −4 ≤ ∆y/C ≤ 6.5 × 10 −3 , and 4.6 × 10 −4 ≤ ∆z/C ≤ 1.2 × 10 −2 , respectively. In wall units, the blade-surface resolution in the region of primary interest is within the range ∆x + ≤ 50, ∆y + ≤ 3, and ∆z + ≤ 30 (∆z + increases up to 90 far from the tip-gap region.). As seen in Fig. 2 , the pressure distribution over the blade surface is generally comparable with that of experiment with stationary end-wall [15] and indicates that the current mesh topology is capable of resolving the gross features of the flow. The grid resolution normal to the endwall is in the range of 0.3 ≤ ∆z + ≤ 2.1. In the directions parallel to the end-wall, ∆x + and ∆y + are generally less than 50, except in a small end-wall region where the maximum values reach 90 ∼ 100 because of the strong effect of the tip-leakage vortex on the boundary layer. In the y − z plane at x/C a = 0.6, more than 50 grid points in the pitchwise and spanwise directions are allocated across the tip-leakage vortex core. The grid spacing based on the chord and the resolution in wall units in the important regions are presented in Tables 1 and 2 . The resolution in Kolmogorov units (η), which is estimated by an evaluation of the production and assuming equilibrium, is in the range of ∆x/η, ∆y/η ≤ 40, and ∆z/η ≤ 10 in the end-wall region, while ∆z/η increases up to 110 far from the end-wall. Figure 3 shows that ratios of the grid spacing to the Kolmogorov lengthscale in the end-wall parallel directions are relatively high underneath the blade-tip and around the tip-leakage vortex core (Figs. 3(a) and (b)), while the ratio of the spanwise grid spacing to the Kolmogorov lengthscale is relatively high on the suction surface boundary layer far from the end-wall ( Fig. 3(c) ).
Prior to this simulation, coarser grid simulations had been carried out to determine the resolution requirements, and the final mesh was subsequently constructed using this information. To investigate the grid sensitivity, simulations of flow through the cascade without tip-gap, which are less expensive than the present simulation, were performed with refined meshes in all three directions, and it was confirmed that results are relatively insensitive to the grid resolution. Figure 4 is an example of the study which shows reasonable robustness of the mean velocity with respect to the grid resolution. Further details of the grid resolution study and comparisons with experimental data were reported in [21] . The flow field near the suction surface necessitates enhanced eddy viscosity compared to the pressure side where the eddy-viscosity becomes negligible because of very low level of turbulence activity. Except for the relatively coarse mesh region in the blade wake far from the end-wall, the peak mean eddy viscosity is usually less than 10 times the value of the molecular viscosity, which is similar to the magnitude observed in the LES study of backward facing step flow [27] . Figure 7 shows the resolved and total Reynolds shear stress profiles along the spanwise direction at x/C a = 0.6 and y/C a = 1.51, and apparently indicates that the contribution of the subgrid-scale shear stress to the total Reynolds shear stress is reasonably small.
Development of End-Wall Vortical Structures
The pressure difference between the pressure and suction sides of the blade tip generates a strong jet flow through This understanding is crucial in predicting and eventually controlling the cavitation phenomena in hydraulic tip-clearance configurations since the behavior and pattern of tip-leakage cavitation are closely related to those of the end-wall vortical structures.
In this section, streamlines are utilized to visualize the end-wall vortical structures and investigate their behaviors along their evolutionary paths as shown in Fig. 8 . Figure 9 shows mean streamlines in the end-wall normal cross-sectional planes shown in Fig. 8 as viewed by an observer looking upstream. In this plot, a pitchwise velocity which corresponds to the moving end-wall velocity is subtracted from the mean flow field to elucidate the end-wall vortices. Among the distinct vortical structures, the tip-leakage vortex which is found near the suction side of the blade dominates the field. To the right of the tip-leakage vortex, induced vortices are noticed. A pitchwise stretched recirculating region is also observed underneath the blade tip. This circulation is closely related to the tip-separation vortices near the trailing edge.
The generation and evolution of the end-wall vortical structures observed in Fig. 9 are more extensively discussed along with Fig. 10 , which shows λ 2 contours representing vortices in a series of y − z planes along the streamwise direction as viewed by an observer looking upstream. It is generally difficult to identify various vortical structures with different convection speeds embedded in the tip-leakage flow using streamlines. The λ 2 vortex identification method makes it easier to clearly identify the vortical structures in the end-wall normal planes at various streamwise locations. Since the λ 2 contours cannot provide the rotational direction of a vortex, the rotational direction for each end-wall vortex is determined using streamlines as shown in Fig. 9 . At about 7% axial chord, a secondary vortex is induced by the tip separation and by the moving end-wall. This secondary vortex rotates in a counter-clock wise direction and corresponds to the induced vortex 2 in Fig. 9 . The tip-leakage vortex begins to be identified at around x/C a = 11% ∼ 20% axial chord. In this range of axial chord, a small secondary vortex is also observed slightly above the tip-leakage vortex near the blade suction surface. However, the strength of the secondary vortex is weak and is not observed in further downstream locations. At 26% axial chord, the strong tip-leakage vortex and the induced vortex 2 which is generated in the upstream induce another secondary vortex (induced vortex 1 in Fig. 9 (b) and (c)) between them. The induced vortex 1 is found to rotate in the opposite direction of the other vortices and its rotational strength increases with the strength of the tip-leakage vortex. During the course of its evolution, the strength of the first induced vortex decreases rapidly after 30% axial chord. The mechanism for generation of the third secondary vortex (induced vortex 3 in Fig. 9 ) is unclear. It is observable from the plane at 11% axial chord location, but its rotational strength is much weaker than those of the other vortices. It may be induced by the end-wall motion which drags the inflow turbulent boundary layer in the positive pitchwise direction.
The strength of the induced vortices is significantly reduced at about 37% axial chord, where the rotational strength of the tip-leakage vortex reaches its maximum. Then, the strength of the tip-leakage vortex decreases with axial chord and pitchwise stretching of the vortex becomes significant (x/C a = 0.40 and 0.44). As seen at 51% and 59% axial chords, the induced vortices are still identifiable near the pressure side of the neighboring blade, but their strengths are much reduced and they eventually dissipate. Muthanna and Devenport [15] and Wang and Devenport [16] also observed the induced vortices, but they could not clarify the mechanisms for their generation, propagation, and decay. In their experiments, it was assumed that the induced vortices disappear from the end-wall by being engulfed by the tip-leakage vortex, not by dissipation.
From 51% axial chord location, another noticeable vortical structure is found on the blade suction surface which corresponds to the blade boundary layer separation. The tip-separation vortices become significant near the suction side of the blade tip after the mid-chord. Unlike the tip-leakage vortex which is formed by the roll-up of the tip-leakage jet, the tip-separation vortices are generated by the circulating region which is dragged by the tip-leakage jet (Fig. 9 ).
An interesting development of the tip-leakage vortex is found at about 73% axial chord. At this location, the pitchwise stretched tip-leakage vortex breaks up near the end-wall and its shape becomes more complicated. However, even at further downstream locations (x/C a ≥ 0.81), the core of the main part of the tip-leakage vortex is still well defined. Near the trailing edge (x/C a = 0.95), the end-wall vortical field becomes highly complicated due to the tip-leakage vortex separation, the tip-separation vortices, and the blade wake near the blade tip. The end-wall region further downstream is characterized by the interaction of these vortical structures.
Two-Point Correlations of Velocity Fluctuations
In this section, the spatial and temporal behaviors of the coherent structures present in the tip-leakage flow are examined more quantitatively. Two-point correlations of velocity fluctuations are computed to elucidate the coherent structures embedded in the end-wall tip-leakage flow. Figure 11 shows the mean streamwise velocity contour in a y − z plane at x/C a = 1.51
as seen by an observer looking upstream and the location (A) where the two-point correlations of velocity fluctuations are computed. Vertical bundles of the mean streamwise velocity contour are present in the wakes of rotor blades, and the tipleakage vortices are found as velocity deficits near the end-wall. In this plane, the mean streamwise velocity and turbulence intensity profiles are compared with the experimental data along the spanwise direction at y/C a = 1.35, and are shown in Fig. 12 . Considering the experimental difficulty in measuring near wall flow quantities on a moving end-wall and the mass leakage in the experiment (see Refs. [21, 28] for more detailed discussion on this issue.), the agreement is favorable.
In order to obtain energy spectra of velocity fluctuations and space-time correlations which will be discussed later in this section, about 15,000 samples of the streamwise, pitchwise, and spanwise velocity components were collected over a time interval TU ∞ /C ∼ 20. The Lomb periodogram technique [29] with an oversampling factor of four was used to perform the spectral analysis of unevenly sampled data. Note that the time step is not constant because the filtered Navier-Stokes equations are integrated in time using a fully-implicit method with a fixed CFL number. Figure 13 shows normalized energy spectra of velocity fluctuations computed in the core of the tip-leakage vortex (see Fig. 11 for the location). The spectral density and frequency are normalized using the inflow free-stream velocity (U ∞ ) and blade chord (C). Energy spectra for the three velocity components show broadband characteristics of the turbulent fluctuations present in the end-wall tip-leakage flow. Energy spectra in all three velocity components predict an inertial subrange which is typically described with the slope of −5/3. In addition, the present results at x/C a = 1.51 show favorable agreement with the experimental data provided by Wang and Devenport [16] .
In the core of the tip-leakage vortex inside the cascade passage (x/C a = 1.51), noticeable spectral peaks are observed in the energy spectra of the pitchwise velocity component, while no indications of significant low-frequency coherent structures are found in the energy spectra of other velocity components. The spectral peaks are observed to be concentrated in the nondimensional frequency of 1.5. The existence of the spectral peak in the pitchwise velocity fluctuations has also been reported by Wang and Devenport [16] . However, it was unclear in this experiment as to what caused the low-frequency spectral peak. This finding was not in accordance with the observations in the experiments employing a stationary end-wall [15] where low-frequency spectral peaks were not observed except for the peak found in the blade wake. By analyzing two-point correlations of the velocity fluctuations in the end-wall tip-leakage flow, Wenger et al. [17] concluded that the low-frequency coherent (or wandering) motion of the tip-leakage vortex is not present in the experiments employing a stationary end-wall.
In order to investigate the possibility that the blade wake causes the observed low-frequency coherent motion, the energy spectra of velocity fluctuations in the blade wake at a location of x/C a = 1.51, y/C a = 2.2, and z/C a = 0.9, which is far from the end-wall, are computed. In Fig. 14, the present LES results are also compared with the experimental data [15] . The LES results show earlier drops of energy in the high frequency region, especially of the spanwise velocity component. This is related to the relatively coarse resolution along the span far away from the end-wall (see Fig. 3(c) ). Energy spectra for the pitchwise velocity fluctuations shows a prominent spectral peak which indicates existence of periodic shedding of the blade wake. However, in both the present LES and experiment [16] , the measured frequency for the wake shedding is found to be around fC/U ∞ = 5 ∼ 6 which is quite different from the peak frequency ( fC/U ∞ = 1.5) measured in the end-wall tip-leakage vortex. Therefore, the shedding of the blade wake does not directly influence the pitchwise coherent motion in the end-wall tip-leakage flow.
Energy spectra of velocity fluctuations are processed by an inverse Fourier transform to obtain the normalized space-time correlation coefficients,
where ∆y, ∆z, and ∆τ represent spatial separations in the pitchwise and spanwise directions, and the temporal separation, respectively. i = 1, 2, and 3 correspond to the streamwise, pitchwise, and spanwise directions, respectively.
Considering that the spectral peak appears only in the pitchwise velocity fluctuations, the space-time correlation coefficients for velocity fluctuations are computed as a function of pitchwise and temporal separations. Figure 15 shows the space-time correlations of the pitchwise velocity fluctuations at the same location as for Fig. 13 . The space-time correlations show sign changes along the pitchwise separation axis indicating the existence of a large-scale coherent structure. The pitchwise extent of the correlation is roughly equal to the pitchwise extent of the tip-leakage vortex. In the present study, for small values of pitchwise separation, the major axis of the correlation contours is found to be nearly parallel to the time separation axis. This reflects the existence of a coherent motion of the large-scale structure corresponding to the long time delay.
The present correlations are different from those found by Wenger et al. [17] in the stationary end-wall case. They found that the correlations are concentrated in an elliptical region whose major axis extends diagonally in the pitchwise-temporal separation plane. The major axis of the ellipse extends five to six times farther than its minor axis, and no noticeable correlations along the time separation axis are observed for zero pitchwise separation. They concluded that the coherent motions responsible for these correlations are not wandering. Figure 16 shows the oscillatory feature of the tip-leakage vortex in terms of the instantaneous low pressure iso-surfaces at two different times separated by the half period of the pitchwise oscillation. It is found that the frequency of the oscillatory motion of the tip-leakage vortex corresponds to the frequency observed in the energy spectra. The exact source of the low-frequency spectral peak is not clearly identified. Considering that the frequency is much lower than the typical wake shedding frequencies observed in the blade trailing-edge and the blade tip, the shear layer instability in the tip-leakage jet flow is considered as the most probable cause for the low-frequency spectral peak.
Mean Pressure and Pressure Fluctuations
The dynamic behaviors of the end-wall vortical structures are also reflected in the distributions of mean pressure and pressure fluctuations. As already discussed in section 3.1, an insight regarding the end-wall vortical structures will be useful in predicting the pattern of tip-leakage cavitation. In the single phase flow approach employed here, the resulting pressure field is most relevant to the cavitation inception. The mean pressure fields obtained from the present LES are shown in Fig. 19(a) ), no significant low pressure region is found near the end-wall since no significant vortical structures are generated. Although a small scale weak induced vortex is observed at this location, its strength is insufficient to produce a noticeable pressure drop in the vortex core (see Fig. 10 ). A significant pressure drop due to the formation of the tip-leakage vortex is observed at about 30 ∼ 40% axial chord (Fig. 19(b)) where the minimum pressure is located exactly in the core of the tip-leakage vortex (also see Fig. 10 ).
At 50% axial chord (Fig. 19(c) ), the tip-leakage vortex core corresponds to the low pressure region as well defined by the pressure iso-contours. At a downstream plane (x/C a = 1.51, Fig. 19(d) ), the core of the tip-leakage vortex is not a region of negative pressure, while the region underneath the blade tip still attains negative pressure but with significantly reduced magnitude. At a y − z plane near the trailing edge (x/C a = 0.9, Fig. 19(e) ), the pressure contours still reflect the existence of the tip-leakage vortex. However the pressure in this location has already increased above the free-stream value. Figure 20 shows the intensity of the pressure fluctuations in y − z planes along the streamwise direction. The intensity of pressure fluctuations appears to be the maximum at about 30% axial chord (Fig. 20(b) ). In the upstream location at 10% axial chord ( Fig. 20(a) ), significant levels of pressure fluctuations due to boundary layer separation on the blade pressure surface are observed. At 50% axial chord (Fig. 20(c) ), the tip-leakage vortex is still well defined as a region of high levels of pressure fluctuations, but the region between the tip-leakage vortex and the suction side of the blade tip generates enhanced pressure fluctuations. This may be caused by the strong turbulence and vorticity productions in the tip-leakage jet as discussed in detail in Ref. [25] . The high level of pressure fluctuations in these regions may cause vibration of the blade and casing, as well as significant noise. In Figs. 17-20, it is obvious that the region of upstream tip-leakage vortex, especially at around 30 ∼ 40% axial chord, is most susceptible to cavitation and generates the most significant pressure fluctuations. Therefore, in the present configuration, cavitation can be best mitigated by diminishing the strength and coherency of the tip-leakage vortex at around 30 ∼ 40% axial chord.
Cavitation Inception
The low pressure regions are known to be susceptible to cavitation. Figure 21 shows an example of cavitation inception analysis in a plane parallel to the end-wall inside the tip gap using the minimum tension criterion proposed by Joseph [30] .
This criterion is based on the normal stress of the fluid and the critical vapor pressure:
where τ ii is the normal stress, p is local pressure and p c is the pressure in the cavity. Only the resolved normal-stress components defined as τ ii = 2µ∂ū i /∂x i , whereū i is the filtered velocity, are considered while the filtered pressure is corrected The tip-separation vortex is less important even though it involves comparable low pressure (see Figs. 17(a) and (b) ). This is due to the high positive values of the normal stress τ ii in addition to the strong low pressure found in the tip-leakage vortex.
CONCLUSIONS
The tip-clearance flow in axial turbomachines has been studied using large-eddy simulation with an emphasis on understanding the unsteady characteristics of the tip-leakage vortical structures and the underlying mechanisms for cavitationinducing low-pressure fluctuations in the vicinity of the tip-gap. The generation and evolution of the tip-leakage vortical structures have been investigated throughout the cascade using mean streamlines and λ 2 contours. Among the distinct vortical structures, the tip-leakage vortex dominates the end-wall region. The induced vortices are active in the upstream end-wall region while the tip-separation vortices become significant near the suction side of the blade tip after the mid-chord.
In the present configuration, the tip-leakage vortex is initiated at around 15% ∼ 20% axial chord, and the evolution of the tip-leakage vortex is found to be closely related to the generation and decay of the induced vortices. Interestingly, the tipleakage vortex is observed to spin off a part of it at about 73% axial chord due to the pitchwise end-wall motion. Although this feature of the tip-leakage vortex was not seriously considered in the literature, the tip-leakage vortex separation and its interaction with other end-wall vortices makes the downstream end-wall vortical region extremely active and complex.
To examine the spatial and temporal characteristics of the coherent structures present in the tip-leakage flow, two-point correlations of the velocity fluctuations were computed. In general, the energy spectra of the three velocity components show broadband characteristics, while a noticeable spectral peak is particularly observed in the energy spectra of the pitchwise velocity fluctuations. Analysis of the vortex shedding frequency in the blade wake and space-time correlations of the velocity fluctuations in the end-wall tip-leakage flow suggest that a pitchwise wandering motion of the tip-leakage vortex is the cause for the low-frequency spectral peak.
The dynamic behaviors of the end-wall vortical structures are also reflected in the distributions of mean pressure and pressure fluctuations. Detailed examination of the mean pressure field revealed that cavitation is most likely in the upstream portion of the tip-leakage vortex and underneath the tip gap. A significant pressure drop due to the formation of the tipleakage vortex is observed at about 30 ∼ 40% axial chord where the minimum pressure coincides with the core of the tip-leakage vortex, and the intensity of pressure fluctuations appears to be at the maximum. The 30 ∼ 40% axial chord is also found to be the location of the strongest portion of the tip-leakage vortex in terms of the λ 2 contours.
Based on the characteristics of the mean and fluctuating pressure, it is obvious that the region of the upstream tip-leakage vortex, especially at around 30 ∼ 40% axial chord, is most susceptible to cavitation. The high activity of the pressure fluctuations in these regions may also appear as a source of strong vibration of the blade and casing as well as significant levels of noise. Therefore, it is expected that a control device which can effectively diminish the strength and coherence of the tip-leakage vortex at around 30% axial chord location may also lead to reduced the cavitation, noise, and vibration. along the spanwise direction at (x/C a , y/C a ) = (1.51, 1.35). , LES; • , experiment [16] . The profiles of u u /U 2 ∞ × 10 2 , v v /U 2 ∞ × 10 2 , and w w /U 2 ∞ × 10 2 are shifted by 1, 2, and 3, respectively. x/C a = 0.51
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